3. Individual variations are most marked in the sensitivity of the 'blue' cone mechanism to orange light. 4 . Most subjects give evidence of a limited conditioning effect of orange light on the 'blue' cone mechanism.
The work described above has been carried out as part of the research programme of the National Physical Laboratory and this paper is published by permission of the Director. T hree bacterioph ag es (S-13, C-36 an d S tap h -K ) w ere irra d ia te d b y y-rays, X -ray s an d a-ray s. T he survival curves were exponential, an d th e effect of a given dose w as indep en d en t of th e exposure tim e. F o r an y given phage th e in a c tiv a tio n doses of th e th ree rad iatio n s increased in th e order y-rays, X -ray s, a-ray s, while for an y given ra d ia tio n th e in ac tiv a tio n doses of th e th ree phages dim inished in th e order S-13, C-36, S ta p h -K , w hich is th e order of in creasing size. These observatio n s lead to th e conclusion th a t a single ionization suffices to in activ ate a phage particle. In th e case of th e sm allest phage in v estig ated (S-13) th is ionization is effective w herever in th e p article it is produced, an d reasons are given for concluding from th is fact th a t S-13 is a m acrom olecular ty p e of virus analogous to th e erystallizable p la n t viruses.
I n th e case of th e larger phages (C-36 an d S tap h -K ), while a single io nization can in ac tiv a te a phage p article it is n o t sufficient for it to be p roduced anyw here in th e phage p article; to be effective it m u st be pro d u ced in a m ore re stric te d region. I t is suggested th a t th is radiosensitive region c o n stitu tes th e genetical m ate ria l of th e phage, an d on th e basis of th is differentiatio n in to genetic an d non-genetic m a te ria l these phages are regarded as p rim itiv e single-celled organism s ra th e r th a n m acrom olecules.
* O f th e C ancer D e p a rtm e n t, S t B a rth o lo m e w 's H o sp ita l.
I n t r o d u c t i o n
Studies of the inactivation of viruses by ionizing radiations (i.e. X-rays and the radiations from radioactive substances) are of interest from two points of view. On the one hand, virus inactivation is one of the simplest biological actions of radiation, and, therefore, makes a good starting-point for a study of this com plicated subject. On the other hand, one may hope to use radiation as a tool in the investigation of the nature of the viruses themselves, encouraged by the success which has attended its use by geneticists in the study of mutation.
Included among the viruses there are at the one extreme the crystallizable plant viruses, the individual particles of which may reasonably be regarded as macromolecules, and at the other extreme larger bodies which some workers have regarded as akin to single-celled organisms. We shall in this paper distinguish between the two types of virus as macromolecular virus and organism-type virus, being of the opinion th at the term organism is better confined to the second type. The distinction is most clearly expressed in genetical terms. The suggestion has long been current (Muller 1922) th at the smallest viruses are of the nature of single, isolated genes. In higher cells there is a differentiation between the genetic and the non-genetic material of the cell, the former component comprising only a small fraction of the total bulk of the cell. If the larger viruses are single-celled organisms, a similar differentiation may be expected in them.
We have suggested (Lea & Salaman 1942 ) that the study of the inactivation of viruses by radiation can be used as a method to distinguish between the two types of virus. The basis of the method is as follows. The internal evidence of the radia tion experiments indicates that, with all types of viruses, inactivation of a virus particle is due to a single ionization. (The arguments involved are set out at length in Lea (1946) and are referred to later in the present paper.) The usual effect of the ionization of an atom is the decomposition of the molecule of which it is a part. This has been known for a long time from studies of the decomposition of simple inorganic compounds by radiations (Lind 1928) , and has been shown to be true also for the decomposition of protein molecules, as a result of studies of the inactivation of enzymes by X-rays (Lea, Smith, Holmes & Markham 1944) . We conclude there fore that when a virus particle is inactivated (by this term we mean rendered unable to multiply and produce its characteristic symptoms in the host), inactiva tion is due to chemical change in a single molecule.
In the case of a macromolecular virus, this means th at an ionization anywhere in the virus will cause inactivation, and this expectation has been shown to be at any rate approximately true by studies on plant viruses (Gowen 1940; Lea 19406; Lea & Smith 1942 ) and on bacteriophages (Exner & Zaytzeff-Jern 1941; Luria & Exner 1941; Exner & Luria 1941; Wollman, Holweck & Luria 1940) .
In the case of an organism in which there is differentiation into genetic and cytoplasmic components, it seems improbable that the content of any cytoplasmic component is so exactly balanced th at the destruction of a single molecule of it leads to death of the organism. On the other hand, there is nothing improbable in the notion that chemical change in a gene molecule should have a lethal effect. The geneticist is familiar with mutations in Drosophila which (when not concealed by the presence of an unchanged homologous gene) are lethal to the cells containing them, and some of these mutations are due to internal changes in single genes. Thus, if in a virus inactivation by a single ionization is observed, it may be con cluded that this is due to the production of an ionization, not anywhere in the virus, but in its genetic material.
The determination of the dose of radiation required to inactivate a virus makes it possible to calculate the volume of the sensitive (genetic) material in which a single ionization can cause inactivation. When dealing with a macromolecular virus one would expect to obtain a volume approximately equal to the whole volume of the virus, but when dealing with the organism-type of virus one would expect to obtain a volume smaller than the whole volume of the virus. As already mentioned, this test applied to the crystallizable plant viruses confirms th at they are macromolecules. Applied to vaccinia (Lea & Salaman 1942) it appeared that only a small fraction of the whole virus (about %) consisted of genetically im portant radiosensitive material, and we concluded th at vaccinia was an organism and not a macromolecule.
The distinction between macromolecule and organism-type of virus can be made if data concerning the inactivation of the virus by any one type of radiation is available. Given data for several radiations of differing ion-density, then, in the case of the organism-type of virus, it is possible to make some deductions regarding the distribution of the genetic material in the cell, and in particular to make a rough estimate of the number of genes. The method is the same as one which has been proposed for determining the number of genes in the X -chromosome of Drosophila (Lea 1940a) , where it gives a result in fair accord with other data. Owing to the sensitivity of the calculation of the number of genes to errors in the experimental data or to inadequacies in the method of calculation, the method is not an accurate one, and applied to viruses its principal use is to determine whether or not there is a multiplicity of genes. Applying it to vaccinia (Lea & Salaman 1942) we came to the conclusion th at in this virus there is certainly a multiplicity of genes. We also stated th at the radiosensitive material was contained in a region which presented an area of about one-quarter th at presented by the whole virus particle. Since making these deductions, electron-micrographs (Green, Anderson & Smadel 1942, confirmed subsequently by Salaman & Preston, unpublished) have shown that the vaccinia particle contains internal structures, possibly chromosomes in which the genes are located, consistent in size with our deductions from the radiation data.
In the experiments reported in the present paper we have studied the inactiva tion by radiation of three bacteriophages of different sizes. The conclusion we have reached is th at the smallest phage studied (S-13) is certainly of the macromolecular type, since the size of the sensitive region determined from the radiation experi ments is identical with the size of the phage particle itself. In the case of the larger phages (C-36 and Staph-K) the volume of the radiosensitive material is rather less than the total volume of the phage particle, indicating some differentia tion into genetic and cytoplasmic material. The genetic material occupies a larger fraction of the total volume than in the case of vaccinia. There is a multiplicity of genes, but the number is small. Altogether, the indications are that these two phages are organism-type viruses, but less complex than vaccinia.
Experiments on the inactivation of bacteriophage by radiations 437 E x p e r i m e n t a l m e t h o d s
The radiological methods were very similar to those used in the earlier paper (Lea & Salaman 1942) and will be only briefly described. Cover-slips were coated with gelatin, and a drop of a phage suspension was placed on each cover-slip and dried at 37° C ; thus a thin film of phage was obtained which could be penetrated by radiations of low penetrating power. Three types of radiation were employed, namely, the y-rays of radium, X-rays of wave-length 1*5 A, and a-rays, the latter emitted by a source which in most of the experiments consisted of polonium deposited on a disk of silver, and in some of the experiments of the active deposit from radium emanation deposited on the flat end of a brass rod. The last-mentioned source decayed gradually after removal of the brass rod from the radium emanation. Its a-ray activity was measured before and after the exposure of the phage, and the dose of a-radiation received by the phage calculated from these measurements, making use of standard tables of the decay of active deposit (Curie 1935) . The exposure of the phage did not commence until at least 15 min. after the removal of the brass rod from the radium emanation. Under these conditions the a-rays were almost entirely those of Ra C\ After irradiation with the desired dose the cover-slip was dropped into a tube of water at 37° C, when the gelatin dissolved and the phage became suspended in the water. Suitable dilutions were then plated.
The phages were obtained from the National Institute for Medical Research. They were phage Staph-K (sensitive organism Staph S 3 K), phage C-36 (sensitive organism Bact. coli), and phage S-13 (sensitive organism Bad. dysenteriae Y 6R). Phage suspensions were prepared by the usual technique of adding a drop of phage to a broth culture of the sensitive organism growing at 37° C, incubating until clearing took place, and then heating for an hour at a temperature (58° C) lethal to the bacteria but not to the phage, and finally spinning off the bacterial debris. In some cases the phage preparations were filtered through Berkefeld or Gradocol filters instead of being heated. This procedure was always used with phage S-13 which is inactivated if heated to 58° C for an hour. The stock suspensions obtained in this way usually gave one to ten plaques per ml. at a dilution of one to a million.
For the estimation of the phage suspensions the usual plaque-counting technique was employed. A simple agar-peptone-Lemco-NaCl medium containing 1 % of Evans's peptone was found suitable, 2 % agar being used for the S-13 phage, and 1*2 % agar for the other phages, which gave inconveniently small plaques on more concentrated agar. A drop of a suspension of the sensitive organism containing about ten million bacteria was placed on a plate of the medium, together with a measured drop of a suitable dilution of the phage suspension to be tested, and spread with a glass spreader. Plaques were counted after about 18 hr. incubation. With phages C-36 and Staph-K a suitable density of plaques was 50-200 on a 9 cm. diameter Petri dish. With phage S-13, which gave larger plaques, 20-50 was pre ferred. With these densities we found plaque count directly proportional to phage inoculum, and no calibration curve relating plaque count to phage inoculum such as was found necessary by Dreyer & Campbell-Renton (1933) , who used very high densities of inoculation, was required. The results of the main series of radiation experiments are exhibited in figure 1. For each of the three phages and for each of the three radiations a curve is given showing how the phage activity diminishes with increase of the dose of radiation. Radiation doses are measured in roentgens, and the phage activity is represented by the natural logarithm (to base e = 2-718) of the ratio of the plaque count of the irradiated sample to the plaque count of a control identically treated except for the absence of radiation. Plotted in this way it is seen th at the experimental points fall satisfactorily on straight lines. Each point is an average of from two to five separate determinations, and a total of about 45,000 plaques were counted in the experiments summarized in figure 1 .
The inactivation dose is conventionally taken to be the dose which reduces the natural logarithm of the surviving activity to 1, i.e. which reduces the ratio of experimental to control plaque count to a fraction 0-37. In table 1 we give the inactivation doses of the three phages for each of the three radiations. Experiments were made in the case of two of the phages, C-36 and Staph-K, in which the effect of a dose of X-rays given over a long time at low intensity was compared with the effect of an equal dose concentrated in a short time at high intensity. The results of these experiments are given in table 2. For a twenty-fold change of intensity a change of only 10-20 °/0 in the inactivation dose was obtained, which was interpreted to mean that, within the experimental error, the effect of a given dose of radiation does not vary with its intensity. F ig u r e 1 . T he in a c tiv a tio n of b aterio p h ag e s b y y-ray s, X -ra y s a n d a -ray s. A bscissae: dose in m illions of roentgens. O rd in ate s: n a tu ra l lo g a rith m of fra ctio n of a c tiv ity su rv iv in g .
A y -ra y s ^ D y -ra y s I G y -ra y s \ B X -ra y s r on p hage S-13. E X -ra y s r on p h ag e C-36. H X -ray s r on p h ag e S ta p h -K .
C a -ra y s I F a -ra y s J J a -ra y s J Vol. 133. B.
In the case of phage Staph-K, in addition to the experiments using polonium as the source of a-particles, some experiments were made using Ra C' a-particles obtained from the active deposit obtained on the end of a brass rod exposed to radium emanation. Two series of experiments were made, one in which the a-particle source was unscreened, the average energy of the a-particles traversing the film of virus being estimated as 7 eMV, and the second series in which the a-particles were reduced in energy by the interposition of an aluminium foil of superficial mass 4-74 mg./cm.2 between the source and the phage, the average energy of the a-particles traversing the film in this case being estimated as 4 eMV, approximately the same as when polonium (unscreened) was used as the source of a-particles. In figure 2 the survival curves obtained in this experiment are plotted in a manner similar to that explained in connexion with figure 1. The inactivation doses read off from these curves are included in table 1. F ig u r e 2. T h e in a c tiv a tio n of p h ag e S ta p h -K b y R a C' a-p a rticle s. A b scissae: dose in m illions o f ro en tg en s. O rd in a te s : n a tu ra l lo g a rith m of fra ctio n o f a c tiv ity su rv iv in g . A , 7 eMV a -r a y s ; B , 4 eMV a -ra y s.
I n t e r p r e t a t i o n o f t h e r e s u l t s
The interpretation of the radiation experiments requires a knowledge of the sizes of the three bacteriophages employed. The data available have been summarized by Elford (1938) . The sizes relevant are those of the dried particles, and will be somewhat smaller than the sizes determined in aqueous solution when the particles are hydrated. The results of filtration experiments (Elford & Andrewes 1932) need to be reinterpreted by making use of the revised relation between particle size and average pore diameter proposed by Markham, Smith & Lea (1942) . The following appear to be the best estimates which can at present be made of the diameters of the unhydrated phage particles, assumed spherical: S-13 16 my, C-36 42 my, Staph-K 64 m ji.
Qualitatively, the results described in the last section can be summarized as follows:
(а) The survival curves are exponential (i.e. when the logarithm of the fraction surviving is plotted against dose of radiation, the points lie approximately on straight lines). This result is in agreement with previous experiments on the irradiation of bacteriophages (e.g. Wollman & Lacassagne 1940; Wollman et at. 1940; Luria & Exner 1941) . It is further in agreement with experiments on the irradiation of plant viruses (e.g. Lea & Smith 1942) and animal viruses (e.g. Syverton, Berry & Warren 1941; Lea & Salaman 1942) .
(б) The effect of a given dose is independent of whether it is given in a short time at high intensity or is spread over a long time at low intensity. This result is in agreement with a previous experiment on the irradiation of a bacteriophage (Latarjet 1942) , and is further in agreement with an experiment on an animal virus (vaccinia, Lea & Salaman 1942) .
(c) With any one of the three phages, the inactivation dose increases with in creasing ion-density of the radiation, i.e. in the order y-rays, X-rays, a-rays. With phage Staph-K, where two a-ray energies were used, the inactivation dose in creases with diminishing a-ray energy, which again is in the direction of increasing ion-density. This is in agreement with an experiment of Wollman et at. (1940) , who irradiated phage C-16 and found that the inactivation dose was greater for a-rays than for X-rays. It is further in agreement with experiments on the inactivation of plant viruses (Lea & Smith 1942) and of an animal virus (Lea & Salaman 1942) .
(d) With any one of the three radiations, the inactivation doses diminish in the order of increasing size of the phage particles. This is in agreement with the experiments of Wollman & Lacassagne (1940) , who irradiated a number of bacterio phages with X-rays.
Results (a), ( b) and (c) indicate that the inactivation of a phage partic accomplished by a single ionization. The reasoning involved has been used in previous papers (Lea & Smith 1942; Lea & Salaman 1942) . It may be found set out at length elsewhere (Lea 1946), and will not be discussed further here.
Having established that inactivation of a phage particle is accomplished by a single ionization, the question arises whether the ionization is equally effective if produced anywhere in the phage particle or whether it must be produced in some restricted region or 'targ et' of the phage particle. The method of deciding this question is to suppose that to inactivate the phage particle it is necessary to produce an ionization in a volume v p3, to calculate the volume v from activation dose, and to compare it with the known size of the particle. The calcula tion of the volume v from the inactivation dose is in principle simple. To inactivate we must produce ionizations at the rate of one per volume v, i.e. at the rate ( ) ionizations per p 3, and this, multiplied by the appropriate factor (about 0 convert ionizations per p 3 to roentgens, is the inactivation dose co a target volume v. In practice the calculation is more complicated, owing to the non-random spatial distribution of the ionization in irradiated material; calibra tion curves are, however, available (Lea 1946, improving upon calibration curves published by Lea & Smith 1942) , from which the diameter of the target (presumed spherical) may be read off for any given inactivation dose obtained with any given radiation.
In the case of phage S-13 the target sizes calculated from the inactivation doses with each of the three radiations employed agree closely, and agree also with the size of the unhydrated particle deduced from filtration and centrifugation experi ments, as shown in table 3. With this phage therefore the ionization of any atom in the phage particle leads to the inactivation of the phage, and in accordance with the principles discussed in the Introduction, we conclude th at phage S-13 belongs to the macromolecular type of virus.
T a b l e 3. P h a g e S-13. U n h y d r a t e d p a r t i c l e d i a m e t e r ~ 16my ra d ia tio n y -ra y s X -ra y s a -ra y s (4 eMV) ta rg e t d ia m e te r (m y) 15-5 15-9 16-3
With the phages C-36 and Staph-K the results are not so simple. As indicated in tables 4 and 5, the target diameters for all radiations are smaller than the phage particle diameters, and further, different radiations give different target diameters, greater for a-rays than for y-rays. The first of these discrepancies indicates th at not the whole of the virus particle is radiosensitive; there are many atoms which can be ionized without inactivation resulting. In accordance with the principles dis cussed in the introduction, we conclude th at phages C-36 and Staph-K, in contrast to S-13, are organism-type viruses and not macromolecules. The fact th at the estimates of target diameter given by the different radiations are not in agreement means th at the radiosensitive part of the phage particle cannot be regarded as a single spherical region; it must be markedly aspherical in shape, or else the radiosensitive part of the phage particle must be distributed in a number of parts (cp. Lea & Salaman 1942; also Lea 1946) . If we consider the second possibility as being, by analogy with other organisms, the more likely, and inter pret inactivation of a virus by radiation as lethal mutation, then radiosensitive material distributed as a number of units can be interpreted as a multiplicity of genes, and their size and number can be calculated from the inactivation doses of the different radiations. The principle of this calculation is as follows. If there are N spherical targets of diameter 2r in a phage particle, which inactivates the phage, then the inactivation dose of the phage will be l/N times the inactivation dose for a single spherical target of diameter 2r. The latter may be read off for any value of 2r from the calibration curves already referred to. By trial one finds values of N and 2 rw hich yield inactivatio mate to the experimentally measured inactivation doses. I t is seen in table 6 th at the experimental data are satisfactorily fitted by the assumption th at phage C-36 contains nine targets (i.e. on our interpretation, nine genes) of diameter 10my, and that phage Staph-K contains fourteen targets of diameter 12-5 my. We are indebted to the British Empire Cancer Campaign for defraying the cost of X-ray equipment, to the Medical Research Council and the National Radium Commission for the loan of radium, to Professor S. Russ and Mr G. W. Spicer for radon and old radon seeds. We would also like to thank Dr W. J. Elford who supplied the bacteriophages and the appropriate sensitive strains of bacteria. M. H. S. is indebted to the Director of the Strange ways Laboratory for hospitality and working facilities. R e f e r e n c e s Curie, P . 1935 R adioactivite. P a ris: H e rm a n n e t Cie. T heoretical equatio n s are derived for th e response of a n erve fibre to th e sudden ap p licatio n of a w eak cu rren t. The eq u atio n s describe th e b eh av io u r of th e nerve fibre in term s of th e m em brane resistance a n d cap acity , th e axoplasm resistance a n d th e resistance of th e ex te rn a l fluid. E xpressions are given w hich allow these four c o n stan ts to be calcu lated from e x p eri m en tal observations. A xons from Carcinus m aenas were used in p relim in ary ex perim ents. Q u a n tita tiv e d e te r m inations were m ade on a new single-fibre p re p a ra tio n -th e 75 y d iam eter ax o n from th e w alking leg of th e lo b ster (H omarus vulgaris). C urrents w ith a stre n g th of o n e-th ird to one-half threshold w ere used in th e q u a n tita tiv e d eterm in atio n s.
The b ehaviour of lo b ster axons agreed w ith th eo retical predictions in th e following respects: (a) th e stead y e x tra p o la r p o te n tia l declined ex p o n en tially w ith distan ce; (b) th e voltage g rad ien t m idw ay betw een tw o d is ta n t electrodes w as unifo rm ; (c) th e rise an d fall of th e e x trap o lar p o te n tia l a t different distances conform ed to th e correct th eo retical curves.
T he ex trap o la r p o te n tia l d isappeared w hen th e ax o n w as tre a te d w ith a solution of chloroform , in dicatin g th a t th e surface m em brane w as d estro y ed b y th is tre a tm e n t, an d th a t th e p o te n tia l recorded w as in fact derived from th e m em brane.
The ratio of th e in te rn a l to ex te rn a l resistance p er u n it len g th w as found to be a b o u t 0*7. The absolute m ag n itu d e of th e actio n p o te n tia l a t th e surface m em brane w as estim ated a t a b o u t 110 m V .
The specific resistance of th e axoplasm h a d a n average value of 60Q cm ., w hich was roughly th ree tim es th a t of th e surrounding sea w ater.
The calculated resistance of one square cen tim etre of m em brane was found to v a ry from 600 to 7000.Q in th irte e n experim ents.
T he m em brane c a p acity w as of th e o rder of 1-3/lF cm ,-2. No trace of inductive b eh av io u r could be observed in th e m a jo rity of th e experim ents. B u t th ree axons w ith low m em brane resistances show ed effects w hich could be a ttrib u te d eith er to in d uctan ce or to a sm all local response. T he absence of ind u ctiv e b ehaviour in axons w ith high m em bran e resistance does n o t prove th e absence of a n inductive elem ent. C urrents w ith a stre n g th several tim es g re a te r th a n th resh o ld often p roduced oscillating p o ten tials a t th e cathode.
A local response w as alw ays observed w hen th e stre n g th of c u rre n t ap p ro ach ed th resh o ld . T he response h ad a strik in g inflected form if th e cu rre n t stre n g th w as n e a r th resh o ld an d its d u ra tio n less th a n th e u tiliz a tio n tim e.
In d ire c t evidence indicates t h a t th e m em brane resistance falls to alow value during activ ity .
